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Resul t s  of the  second t h r e e  months of an e f f o r t  to  prepare a 

computer program f o r  s i l i c o n  s o l a r  c e l l  performance i n  the  space 

environment are reported.  The previously completed mathematical 

model has been reviewed i n  t h e  l i g h t  of cu r ren t  research  a c t i v i t y  

and improvements to  the model are suggested. Numerical and graphic  

r e s u l t s  of computations are provided. 
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INTRODUCTION 

This  i s  the  second qua r t e r ly  r epor t  on a one year  program t o  

provide computational methods f o r  p red ic t ion  of s o l a r  c e l l  per for -  

mance i n  a na tu ra l  r a d i a t i o n  environment. It  covers work performed 

during the  period 1 September 1969, through 30 November 1969. The 

model f o r  the  t h e o r e t i c a l  ca l cu la t ions  of s o l a r  c e l l  performance 

under space condi t ions ,  prepared under cont rac t  952246 wi th  the  J e t  

Propuls ion Laboratory, i s  the  bas i s  of t h i s  work. During the  f i r s t  

qua r t e r  of t h i s  program, t h a t  model was ref ined  and computer rou- 

t i n e s  w r i t t e n  t o  p e r m i t  the  examination of changes i n  c e l l  parameters 

due t o  var ious environmental f ac to r s .  

Sec t ion  I presents  a b r i e f  summary of the  s t a t u s  of the  computer 

program. Sect ions 11 and 111 descr ibe  the  a c t u a l  work done i n  ex- 

panding the  o r i g i n a l  mathematical model f o r  g r e a t e r  v e r s a t i l i t y  i n  

manipulation. Numerical values  f o r  e l e c t r i c a l  parameters a r e  exhib i ted  

f o r  d i f f e r e n t  condi t ions of c e l l  thickness ,  j unc t ion  depth,  temperature,  

and r a d i a t i o n  f luence.  F ina l ly ,  conclusions a r e  drawn from t h i s  work, 

and suggestions are made f o r  f u t u r e  inves t iga t ions  i n  Sec t ion  I V .  
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I. STATUS OF CONPUTER PROGRAM 

E f f o r t s  du r ing  t h e  pas t  t h ree  months have been concent ra tedon 

prepar ing  a workable computer program f o r  s o l a r  c e l l  performance, 

beginning with the  rou t ines  assembled so  f a r .  A workable program 

now exists us ing  a s impl i f i ed  vers ion  of t he  model. This program, 

i n  For t ran  I V ,  has been run on  an IBM 360/65  i n  order  t o  s e e  i f  i t  

can generate  t h e  appropr ia te  response of c e l l  performance t o  v a r i a -  

t i o n s  i n  a number of parameters. These responses are presented i n  

l a t e r  po r t ions  of t h i s  r epor t ;  they appear t o  us t o  be c o r r e c t , w i t h -  

i n  the  l i m i t a t i o n s  of the  program. 

The ear l ler  computer rou t ine  f o r  der iv ing  the  minori ty  c a r r i e r  

concent ra t ion  across  the  c e l l ,  and from t h i s  the  photovol ta ic  cur ren t  

ou tput ,  has been r ewr i t t en  once more. This rou t ine  performs i t s  

func t ion  by means of the  v a r i a b l e  mes‘n‘ i n t e r v a l  technique descr ibed 

i n  the  l as t  Quar te r ly  Report. The rou t ine  a l s o  includes conshder- 

a t i o n  of t he  s u r f a c e  l aye r .  To include t h i s  po r t ion  of the  calcu-  

l a t i o n  exac t ly ,  an  e l e c t r i c  f i e l d  E should be added t o  the  bas i c  

con t inu i ty  equat ion.  The f i e l d  is  caused by the  l a r g e  gradien t  of 

d i f fused  atoms which r e s u l t s  from the  manufacturing process used i n  

forming s o l a r  c e l l  junc t ions .  Work i s  cu r ren t ly  i n  progress  t o  

incorpora te  the f i e l d  tenns i n t o  the  program. Because of  thecomplexi ty  

of t h i s  func t ion ,  which r equ i r e s  generat ing terms f o r  the  complimentary 

e r r o r  func t ion ,  i t s  inc lus ion  i n  the  program caused the  computer t o  

overflow. The port ior ,  of the  program which dea l s  wi th  t h i s  func t ion  

0 

t he re fo re ,  must be s impl i f i ed  and debugged t o  prevent t h i s  overflow. 

The formula, presented i n  the  l a s t  r e p o r t ,  t o  genera teminor i ty  

c a r r i e r  concent ra t ion  n i s :  

2. 



where h is  the  width of the  i n t e r v a l ,  the  subsc r ip t  k i d e n t i f i e s  

the  i n t e r v a l  and the  o t h e r  symbols have the  meanings shown i n  

Appendix A. For the  base region we are assuming the  E vanishes;  

t h i s  would not  be t r u e  f o r  d r i f t  f i e l d  s o l a r  c e l l s .  

The e f f e c t s  of t he  covers l ide  i n  reducing and moderating 

r a d i a t i o n  f luences have been included i n  a sh i e ld ing  rou t ine  f o r  

t he  program. This c a l c u l a t i o n  is i n  accordance wi th  the  rev ised  

mathematics f o r  e l e c t r o n  sh ie ld ing ,  described i n  the  last  r epor t .  

Br i e f ly ,  the  damage c o e f f i c i e n t  is  reduced by a f a c t o r  depending 

on the  areal mass (grams/cm2) of t h e  coversl ide.  

given by : 

The reduct ion  i s  

K ( E ,  pd) = K (E,O) exp ( - 10 pd / E l m 5  ) (2) 

where pd i s  the" a r e a l  m a s s  and E is  the i n i t i a l  e l e c t r o n  energy. 

The f a c t o r  was derived f o r  space f luxes ;  the  reduct ion  of labora-  

to ry  beams by a covers l ide  t.7OUld be somevhat d i f f e r e n t .  

P 

b 
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11. ANALYSIS QF MATHEMTICAL MODEL 

A. Computational Techniques 

The d i f f e r e n c e  equation f o r  the  eva lua t ion  of t he  con t inu i ty  

equation, which was derived i n  the  F i r s t  Guarterly Report was ex- 

panded so  t h a t  t h e  e f f e c t s  of t he  n - l aye r ,  temperature, r e s i s t i v i t y ,  

and l i g h t  i n t e n s i t y  could be e a s i l y  included. Figure 1. shawsthe 

f l o w  c h a r t  f o r  t he  expanded program. 

Using t h e  values  given by Tada f o r  T and D i n  t he  n region, 

L = 1 x LO-* cm. I n  the  base region, L i s  assumed t o  be 1.5 x em. 

The concentrat ion of minority carriers was then p l o t t e d  as a funct ion of 

d i s t a n c e ,  x,  i n  the  c e l l ,  considering a 14 m i l  c e l l  w i t 5  a 0.5 micron n 

s u r f a c e  region, and a base r e s i s t i v i t y  of 10 ohm-cm. Two hundred 

increments were taken on each s i d e  of the  junc t ion .  The r e s u l t s  o f t h i s  

P P 
PO no 

' ca l cu la t ion  are  shown i n  Figure 2. . 

The cu r ren t  cont r ibu t ion  from each s i d e  of t he  junc t ion  i s  the  

product of q, D ,  and the  s lope  of t he  concentrat ion i n  the  v i c i n i t y  of 

t h e  junct ion.  Therefore the  photovol ta ic  cu r ren t  dens i ty  i s  

The negat i  re s u b s c r i p t s  i n d i c a t e  t h a t  t h e  . inter.  sl is  taken to  the  

l e f t  ( su r face  region s ide )  of the  junct ion.  For t h e  case under 

considerat ion,  t h i s  method of computation shows J 

and Jn = 4.276 mA/cm2, t he re fo re  J= 38.129 mA/cm2 

= 33.853 d / c m 2  
P 
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Calcula te  h 
and x - v a l u e s  
through c e l l  

Calcu la te  
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I 

which d i f f e r -  
ence s a t i s f i e  

Fig. 1. Flow c h a r t  f o r  computer 
pro gram. 
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Temp e ra t ure E f f e c t s 

Both theoretical and experimental data show that I 
slowly with temperature. 

changes L 
Waddel ('1 gtves a temperature 

(3) coefficient of 0.0758 m A / O C  for a 2cm2 solar cell, while Reynard 
shows approximately 0.05 % /OC. The major contribution to the varia- 

tion of the current with temperature comes from the change in I 
0 ,  

the diode saturation current. The variation is a fairly complex 

function, since it depends on the ideal diode saturation current, 

which varies as T2*5 e 'kT , and on the generation-recombination 
current in the space charge region, which is approximately propor- 

tional to e - 
latter dependence will generally dominate. In addition, I is also 

a function of the light intensity. 

this function has not yet been fully defined. 

at high injection levels. In silicon, the 

0 
The effect of temperature on 

If the effect of the light on I is considered to be constant 
0 

with temperature, I-V curves can be plotted from various tempera- 

tures, as shown in Figure 3. I can be calculated for a given 

cell from the standard solar cell equation: 
0 

I 

O -1) v -I- IR/.V I = IL - Io (e (4) 

Using IL = 38.129 mA, Voc = 0.52OV , and Vo = 43mV, the value of I 
at 300' K is  found to be 0.213 pA at A M 0  sunlight illumination. 

The curves in Figure 3 are plotted assuming that I increases 

0.05% / 'Cy R is negligible, and I 

0 

varies as e From the 0 

curves, the temperature coefficient of V is found to be approximately 

0.56 % / O C .  

between 0.4 and 0.6% / O C .  

oc 
Reynard's experiments (3) show temperature coefficients 

From the computations used for the graphs the maximum power 

can be calculated.' Figure 4 shom a plot of P vs. T. 'max max 

7. 
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C. E f fec t s  of Cel l  Thickness and Junct ion  Depth 

One of t he  major advantages o f ‘ t h e  mathematical model of the  

s o l a r  cel l  under cons idera t ion  i s  t h a t  i t  g r e a t l y  f a c i l i t a t e s  ex- 

amining t h e  e f f e c t s  of changes i n  the  physical  parameters. 

t he re fo re  a simple matter  t o  study the  e f f e c t s  of c e l l  thickness  t ,  

and junc t ion  depth d,  on the  d i s t r i b u t i o n  of c a r r i e r  concentrat ion,  

from which the cur ren t  dens i ty  and maximum poxer a r e  readi ly  calcu- 

l ab le .  Figure 5. shows t h e  c a r r i e r  d i s t r i b u t i o n  for a 7 m i l  ce l l  

wi th  0.2 p and 1.Op junc t ion  depths and f o r  a 14 m i l  cell  w i th  

0.2 p, and 1 . 0 ~  junc t ion  depths. Only two curves a r e  shorn f o r  t he  

n- layer ,  s i n c e  i t  i s  obvious t h a t  t he  su r face  region w i l l  not be 

a f f ec t ed  by t h e  o v e r a l l  c e l l  thickness.  

i t  was 

From Table 1, i t  can be seen thap f o r  s o l a r  c e l l s  t h i cke r  than 

t h e  d i f f u s i o n  length  of minority carriers i n  t h e  base,  

P increase  only s l i g h t l y  with c e l l  thickness .  The cel l  parameters 

depend more s t rongly  on the  junc t ion  depth. 

V and o c ’  

m 

It i s  i n t e r e s t i n g  t o  note,  t ha t  while  the o v e r a l l  cur ren t  

dens i ty  decreases with increas ing  junc t ion  depth,  t he  cur ren t  

cont r ibu t ion  from the  n s i d e  i s  increas ing  from 2.42 mA/ cm2 t o  

5.49 mA/ em2. For  t he  reason discussed i n  Sect ion i i T . ,  J i s  
n 

much less s e n s i t i v e  t o  r ad ia t ion  damage than J _. Therefore,  

increas ing  the  depth of d i f fus ion  of a s o l a r  c e l l  w i l l  cause 

the  cur ren t  degradat ion due t o  i r r a d i a t i o n  to be slowed down. 

P 
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7 10 

0.2 40.222 40.855 

0.5 37.'171 37.790 

'1.0 32.279 33.908 

i n  mA/cm2 Js c 

14 

41.168 

38.129 

34.235 

10 

.43047 

.44651 

.44110 

7 

12.167 

11.116 

9.455 

V in Volts 
oc 

10 

12.387 

11.329 

10.005 

~ ,45079 

.44696 

.44158 

14 

12.495 

11.445 

10.116 

Table 1. Dependence of solar c e l l  parameters on c e l l  th ick-  
ness t and junc t ion  depth d ,  as computed from t h e  
mathematical model f o r  an n/p s o l a r  c e l l  i n  A F I O  
sun l igh t .  
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111. RADIATION DAPIAGE 

A. Elec t ron  I r r a d i a t i o n  

The damage c o e f f i c i e n t  f o r  e l e c t r o n  i r r a d i a t i o n  may be calcu-  

l a t e d  from Equation 2 by using the  values given previously ( 4 )  f o r  

K ( E , O ) .  Figure 6.  shows the  degradat ion of J with e l e c t r o n  

f luence  f o r  varying thickness  of covers l ide  and e l e c t r o n  energy of 

0.8 MeV. The v a r i a t i o n  of the  cur ren t  dens i ty  from both n - a n d  p - 
s i d e s  was considered; however, i t  was found t h a t  f o r  t h e  maximum 

f luence  considered ( 9 = 

only 0 .0147%,  and could the re fo re  be considered constant  f o r  a l l  

cases. 

L 

e / cm2 , no covers l ide  ) J decreased n 

w a s  reduced t o  5) 
Is c I n  an experiment performed by Reynard, 

75 .3%of  i t s  i n i t i a l  va lue  by exposurk t o  a f luence of 4 . 5 ~ 1 0 ~ ‘  

electrons/cm2 of 0.8 NeV e lec t rons  on uncovered c e l l s .  The cu r ren t  

reduct ion  predic ted  by the  model f o r  the  same condi t ions i s  7 7 . 1 % .  

However, using a covers l ide  of 0.112g/cm2 thickness  (.020 m i l s  of 

Corning 7940 Fused S i l i c a )  ReynaTd found almost no d i f f e rence  i n  

the  amount of degradation. He f u r t h e r  found t h a t  a f t e r  t he  u n i t s  

were allowed to  anneal f o r  one month, the  devices wi th  the  cover- 

s l i d e s  recovered a g r e a t e r  amount than d id  the  uncovered c e l l s .  

The i n d i c a t i o n  the re fo re ,  i s  t h a t  t he  covers l ide  and/or adhesive a l s o  

degraded. Af te r  anneal ing,  Reynard’s values  f o r  - are 7 9 . 0 %  f o r  

t h e  uncovered u n i t s ,  and 82 .0% f o r  t he  covered devices.  Both 

Reynard ( 6 )  and Xorgarr (7‘) i n d i c a t e  t h a t  t he  covers l ide  ma te r i a l  used 

i n  the  experiment w i l l  darken approximately 2 - 3 % .  The t h e o r e t i c a l  

va lue  of f o r  9 = 4 . 5 ~ 1 0 ’ ~  and pd = 0.112 i s  8 7 . 7 %  i f  the  

cove r s l ide  darkening j.s taken i n t o  account,  the  value i s  f u r t h e r  re -  

duced t o  85.1 - 85.9 X . This i s  i n  reasonably good agreement wi th  t h e  

experimental  value,  consider ing t h a t  the  damage t o  the  adhesive i s  

unknown. 

Is c 
1s co 

1s co 
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I f  a cove r s l ide  and adhesive are used which have n e g l i g i b l e  

degradation, Figure 7 may be uyed t o  determine the  minimum cover- 

s l i d e  thickness necessary t o  in su re  t h a t  t h e r e  w i l l  not be more 

than a designated reduct ion i n  output cu r ren t  a f t e r  a f ixed  fluence.  

For  i n s t ance ,  i f  t h e  requirements of t he  experiment are such t h a t  

no t  more than a 1 0 %  reduct ion i n  cu r ren t  can be t o l e r a t e d  a f t e r  

a f luence  of 10l6 e l ec t rons  / cm2 of 0.8MeV e lec t rons  t h e  minimum 

cove r s l ide  thickness  i s  0.203 gm / cm2 . 
i s  fused s i l i c a ,  wi th  a dens i ty  of 2.20 gm /cm2 , t h e  thickness w i l l  

be - =..0923cm, o r  approximately 36 m i l s .  

e l ec t rons  of o t h e r  energies  can r e a d i l y  be constructed.  

I f  t h e  coversl ide material 

.203 
2.20 S e t s  of curves f o r  

B Proton I r r a d i a t i o n  - 

I n  o rde r  t o  g e t  a more accu ra t e  p r e d i c t i o n  of proton damage 

than can be obtained by using an ' 'effe'ctive" damage c o e f f i c i e n t ,  

t h e  model allows t h e  use of t h e  b e s t  estimate f o r  t h e  damage 

c o e f f i c i e n t  a t  each incremental s t e p  w i t h i n  t h e  ce l l .  This is 

p a r t i c u l a r l y  important f o r   lo^ energy protons,  whose range R i s  

less than the  thickness o f  t he  ce l l ,  s i n c e  i n  such a case the  

energy and t h e  f l u x  are changing r ap id ly  with dis tance.  

The expanded program a l s o  allows inc lus ion  of t he  cu r ren t  

\\ con t r ibu t ion  from the  su r face  region: This region is much less 

s e n s i t i v e  t o  r a d i a t i o n  damage than the  base region, s i n c e  i t  is  

th inne r ,  t he  energy o f  t he  protons i s  higher  i n  t h a t  region , 

(making I( sma l l e r ) ,  and t h e  d i f f u s i o n  l e n g t h  i s  much lower before  

i r r a d i a t i o n .  The i n i t i a l  con t r ibu t ion  from the  n-side i s  11% of 

the  t o t a l  cu r ren t ;  however, a f t e r  i r r a d i a t i o n  wi th  4 = 5 x 10 

270 keV protons,  cu r ren t  from the  su r face  region r ep resen t s  5 6 % .  

The e f f e c t  o f  including t h e  su r face  i s  t o  decrease t h e  rate a t  

which JL f a l l s  o f f  wi th  4 . 
nea r ly  s u f f i c i e n t  t o  account f o r  the  d i f f e r e n c e  sho-~n i n  Figure 11 

of t h e  F i r s t  qua r t e r ly  Report between the  model and t h e  experimental 

values of  S t a t l e r  and Curtin.  (8) Additional work vhich may he lp  

r econc i l e  the  model with the  experimental values i s  undemay. 

14 /cm2 of 
P 

This a d d i t i o n  though, i s  s t i l l  not 
P 
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IV . CONCLUS IONS 

A. General Summary 

The work performed during t h i s  quar te r  was pr imar i ly  concerned 

wi th  pe r fec t ing  t h e  number of rout ines  a v a i l a b l e  f o r  t h e  program. 

IR p a r t i c u l a r ,  t he  program was ad jus ted  so t h a t  t he  parameters 

assoc ia ted  with t h e  n su r face  l aye r  could be  included. I n  add i t ion ,  

i t  was made capable of handling v a r i a t i o n s  i n  temperature, resis- 

t i v i t y ,  l i g h t  i n t e n s i t y ,  j unc t ion  depth,  c e l l  thickness ,  covers l ide  

th ickness ,  and r ad ia t ion .  The r a d i a t i o n  var iaBles  which can be 

used a re :  p a r t i c l e  type ( e l ec t ron  o r  proton) ,  energy and fluence.  

Values were taken f o r  most of t he  above va r i ab le s  i n  order  t o  

check out  the  program. Many of the r e s u l t s  are given i n  the  body 

of the  repor t .  I n  add i t ion ,  smaller  koutines were w r i t t e n  which 

would generate  I - V  curves (under varying condi t ions of I V andT) 

and c a l c u l a t e  t h e  maximum output  power f o r  those curves. 
S C '  oc 

The r e s u l t s  of the computations a r e  i n  keeping with the  

experimental  evidence. 

w e  f i nd :  

Summarizing the  r e s u l t s  given i n  the  r epor t ,  

1. 

2. 

3.  

4 .  

5. 

6. 

16. 

The c a r r i e r  concentrat ion d i s t r i b u t i o n  can be  r e a d i l y  p l o t t e d  

f o r  the e n t i r e  c e l l .  

V decreases  wi th  increas ing  temperature, p r imar i ly  due t o  

the  inc rease  i n  I . 
P decreases  wi th  increas ing  temperature. 

I S C  a voc max 

Jsc voc and 'max 
thickness  ( f o r  thicknesses  g r e a t e r  than the  d i f f u s i o n  length  

of minori ty  c a r r i e r s  i n  the  base region) .  

The su r face  region i s  e s s e n t i a l l y  unaffected by e l e c t r o n  

i r r a d i a t i o n .  

oc  

0 

max 

and P decrease wi th  increas ing  junc t ion  depth. 

i nc rease  very slowly wi th  increas ing  c e l l  



7. 

8. 

B. 

The degradat ion of  s o l a r  c e l l s  due t o  e l e c t r o n  i r r a d i a t i o n  

can be predicted as  a func t ion  of e l e c t r o n  energy, f luence,  

and covers l ide  thickness .  

The degradat ion of s o l a r  cells due t o  proton i r r a d i a t i o n  can 

be predicted a s  a func t ion  of proton energy and fluence.  

.Future Kork 

Future work w i l l  inc lude  f u r t h e r  ana lys i s  of  s o l a r  c e l l  per- 

formance i n  l i g h t  of cur ren t  theory and observat ion,  expansion of 

the  program to  inc lude  the  f i e l d  due to  the non-uniform impurity 

d i s t r i b u t i o n s  i n  t h e  su r face  region,  p repa ra t ion  and s i m p l i f i c a t i o n  

of the  completed computer program, debugging and checkout, and 

eva lua t ion  of  t h e  program. 

The ana lys i s  of s o l a r  c e l l  performance a t  p resent  is concentrated 

on the  problem of non-uniform damage. There i s  s t i l l  disagreement 

between the  experimental da t a  and the  model a s  f a r  as the  v a r i a t i o n  

of L w i th  low energy proton f luence i s  concerned. Inves t iga t ions  

i n t o  the  physics of the  c e l l  and refinements i n  the  model a r e  

cont inuing,  so t h a t  these  d i f f e rences  may be  reconci led.  E f fec t s  

L 

such as the  impurity grad ien t  f i e l d ,  j unc t ion  depth,  minori ty  

c a r r i e r  l i f e  times under high i n j e c t i o n  condi t ions,  e t c .  vi11 be 

examined. 

The completed computer program s h a l l  be capable of pred ic t ing  

t h e  power degradat ion of s o l a r  cells i n  a combined environment of 

low and high energy protons and e l ec t rons  and provide t h e  necessary 

framework t o  optimize t h e  s o l a r  cell  coverglass  combination f o r  a 

p a r t i c u l a r  r a d i a t i o n  environment with respec t  to  c e l l  base 

r e s i s t i v i t y ,  cell  thickness ,  covers l ide  th ickness ,  and c e l l ' s u b -  

s t r a t e  type and thickness .  The program is t o  be  presented i n  

operable  form, l i s t e d  i n  For t ran  I V ,  s u i t a b l e  f o r  input  to an ISM360/65. 

17. 



Standard modular debugging w i l l  be employed f o r  program check- 

out .  

r e s u l t s  and cont inua l ly  updated throughout t h e  course of this 

con t r ac t  as a d d i t i o n a l  experimental  da t a  are analyzed. 

It w i l l  3e t e s t e d  and evaluated aga ins t  published experimental  

C. New Technology 

Af te r  a d i l i g e n t  review of the  work perforrned under t h i s  

con t r ac t ,  i t  was determined t h a t  no new innovat ion,  discovery,  

improvement o r  invent ion  w a s  developed. 
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APPENDIX A 

Defin i t ions  of Symbols 

D’ = d i f f u s i o n  c o e f f i c i e n t  of e l ec t rons  

D = d i f f u s i o n  c o e f f i c i e n t  of ho les  

E = E l e c t r i c  f i e l d  

n 

P 

E = energygap=1.12eV i n  S i  

IL = l i g h t  generated cu r ren t  
g 

= diode s a t u r a t i o n  cu r ren t  I* 
X s c  = s h o r t  c i r c u i t  cu r ren t  

= s h o r t  c i r c u i t  Is co 
J = curren t  dens i ty  

J = l i g h t  generated 

Jn = cur ren t  dens i ty  

J = cur ren t  dens i ty  

5, 

P 

cur ren t  i n  undamaged s o l a r ’ c e l l  

cu r ren t  dens i ty  

generated i n  s u r f a c e  (n) reg ion  

generated i n  base (p) reg ion  

JS c 

.L*o 

k =  
K =  

= s h o r t  c i r c u i t  cu r ren t  dens i ty  

Boltzmann’s cons tan t  = 8.617 e V  / O K  

damage c o e f f i c i e n t  

= d i f f u s i o n  length  of  e l ec t rons  i n  p region before  r a d i a t i o n  damage 

- L  = d i f f u s i o n  length of holes  i n  n reg ion  
P 

= d i f f u s i o n  length  of ho les  i n  n region before  r a d i a t i o n  damage 
LPO 
n = c a r r i e r  concent ra t ion  

P o r  P = maximum output  power ’ 

q = e l e c t r o n i c  charge = 1.602 x los1’ coulombs 
m max 

T = absolu te  temperature 

V = open c i r c u i t  vo l tage  

4 = f luence  of e l e c t r o n s  

4 = fbsence of protons 

T = l i f e t i m e  of holes  i n  n ma te r i a l  

oc 

e 

P 

P 
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